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I NT RODUCT ION 
Gen e ra l 
In re c en t  y e ar s t h e  n e e d has .  ar i s en t o  deve l o p s t ro n g e r  
pavem en t s t o  c a r r y  i n c r e a s e d  wh ee l l o ad s du e t o  t h e  we i gh t  
o f  l ar g e  tru c ks and incre a s e d  t ra f f i c . A g gr e ga t e s  n e e d e d  
f o r  c l a s sica l p avemen t s  a r e  b e com in$ s car c e  i n  s om e  p ar t s  
o f  the  c ountry . Th e c o s t s  o f  the s e  p avement s hav e b e en r i s­
in g a s  i t  b e co m e s  n e c e s s ary t o  t ransp o r t the s e  a g g r e ga t e s  
ov e r  l on g  d i s t anc e s . Th i s  r i s in g  c o s t  war ra n t s a more in t en­
s ive  l oo k  a t  o th e r  m e tho d s  o f  pav emen t  d e s i gn .  
In th e p a s t 2 5  y e a r s , va r i ou s  ind iv i dua l s  and o r ga n i­
zat i ons have b e en s t udy i n g  the po s s ib l e  u s e o f  p r e s t r e s s e d 
concr e t e  t o  s o lve the p r o b l em o f  p r e s en t  day t ra f f i c  s i t ua-
t i on s . Pr e s t re s s e d c o n cr e t e  u t i l i z e s  the b e s t  p r o p e r tie s o f  
two con s truc t i on ma t e r i a l s: name ly , th e  h i gh t en s i l e  
s tren g th o f  s t e e l  and t h e  h i gh comp r e s� ive s tien g t h  o f  c on­
c r e t e . ·  Pr e s t r e s s i n g t h e  s t e e l  induc e s  c ompre s s ive s t r e s s 
in t o  the concr e t e . The t en s i l e  we akn e s s  o f  c on c r e t e  c a n  
then b e  coun t erb a l anc e d  b y  the  u s e o f  h i gh s tr en g th s t e e l . 
Pre s tre s sin g the  c o nc r e t e  can b e  a c c ompl i s h e d  b y  e i t h e r  
p r e - t ens i on in g or  p o s t - t en s i on ing. I n  t h e  p r e-t en s io n i n g 
m e t h o d , s t e e l  t end o n s  s t r e t c hed b e tw e en two bu l kh e ad s  a r e  
t eri s i on e d  b y  a j ac k i n g  a r r an g em ent . Th e c oncr e t e  is pou r e d, 
and a f t e r  i t  h a r d en s , t h e  t endons a r e  s ev e r e d  f r om t h e  b u l k ­
he a d s  an d the pre s tr e s s  i s  t ran s f e r r e d  a s  a c omp r e s s ive 
force to the concrete through the bond between the s teel 
tendons and the concrete . The post-tensioning met hod 
involves placing conduits in the forms before the concrete 
is poured . Steel tendons are threaded through t he conduits 
and again a jacking arrangement is used to tension the 
tendons against the hardened concrete . After post- tension-
ing, the concrete is in compression. 
When prestressed slabs are properly designed, tension 
2 
in the concrete is minute or non- existent . Therefore, it is 
\ 
possible to pr6vide t he same load-carrying capacity wit h  a 
much thinner prestressed slab as compared with a conventional 
reinforced concrete slab . The possibility of reducing cost 
on this part icular type of pavement system by saving on 
materials and labor was discussed by Haug(l) . Wit h  increase 
in loads and traffic density, he determined that t he cost 
may be quite competitive in the near future . . 
Review of Past Performance of Pre�tressed Concrete Pavemen t� 
From · 1 94 6  to 1 9 6 0 , approximately 3 1  prestressed highway 
pavements and 26 prestressed airport pavements have been 
constructed in 1 1  differen t countries . During t his time 
there were only two pre- tensioned systems construc ted, which 
would be similar to the pavement under consideration in this 
study. Bo th of these pavements were construc ted near The 
Hague, Netherlands . (2) 
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It i s  the au tho r's o p in i on tha t  b o t h  p o s t - t en s i on e d  and 
p r e -tens i o n e d  pavement s can b e  ana l y z e d  in a s im i l ar fa s h i o n . 
Even t h o u gh the d e s i gn and c on s t ruc t ion  prac t i c e s  d i ff er, 
th e fo l l owin g g iv e s  a br i e f  r e s ume o f  var i o u s  p r e st r e s s e d 
pavement p r o j e c t s  that have b e en c on s t ruct e d . 
The � i r s t p r e s t r e s s e d c onc r e t e  pavemen t was con s t ru c t e d  
a t  the O r l y  I n t e rna t i o na l A i rp o r t  near Par is, Fran c e, in 
1 9 4 6. Th i s  pavemen t ,  c on s i s t in g  o f  po s t -ten s i on e d  p r e ca s t  
s lab s,  app r o x ima t e l y 3 8  i nc h e s  s quar e by 6 1/4 i n ch e s  th ick , 
prov e d  to  b e  s tron g e r  t han convent i o na l  con c r e t e  pav em e n t . ( 3 ) 
Ex t en s ive l oad t e s t s  were mad e  at  the O r l y  A i rp o r t . L oads 
in e xc e s s  o f  1 4 0 t o n s  were s u s ta in e d . wi th on l y  min o r  r e sidua l  
d e f l e c t i on o n  a s ub gra d e w i t h  K=SS p s i p e r  inch . Th i s  r ep r e ­
s e n t s a car ry in g capac i ty o f  n ear l y  t e n  t im e s  the l oa d  n o r ­
mal ly exp e c t e d  fo r a c o nven t i o na l  pavem ent . . Re p e t i t iv e  
l oad t e s t s  we r e  al  s o  mad e  on th i s  pav e.ment and n on e  o f  the  
l oad in gs  r e s u l t e d in p e rman en t  crac ks . An o th e r  imp o rtan t 
f eatu r e  o f  the t e st s  was tha t i t  pr ove d feas i b l e  t o  anal y z e 
the pavemen t ac c o rd i n g  t o  convent iona l  metho d s . By u s i n g  
t h e  We s t e r gaar d  me t ho d , wh i ch make s i t  p o s s i b l e to  c or r e lat e 
d e forma t i on and mo du l u s  o f  s ub grade r eac t i o n, ca l cu la t i on s  
· we r e  mad e t o  d et e rm in e  the  m o du l u s  o f  s ub g ra d e  r eac t i on 
us in g an exp e r imenta l d e f l e c t i on va l u e. The e n d  r e s u l t  was 
that the ca l cu l at e d va l u e  was n ear l y  the sam e  as t h e  va l u e  
o f s ub gra d e  r eact i on m easur ed d i r e ct l y by p lat e b ear i n g 
t e s t s (4 ) .  
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In the ear l y  d ev e l opm en t  o f  pr e s t r e s s e d  c o n cr e t e  pav e ­
ment s , typ i c a l  b e g in n e r ' s  p ro b l ems wer e  enc ount e r e d. The 
m a in p r o b l ems wer e an ch o ra g e  ( l o s s  o f  p r es t res s )  an d p lac in g 
and po s i t i on in g  o f  ste e l. F o r  examp l e ,  in  1 9 4 9  a s e c t i on o f  
con cr e t e  r oad 1 6 4 f e et l on g , 2 6  fe et w i d e , 6 1/ 2 i n che s t h i c k  
w a s  c on stru cte d  at E s b l y , F r a nc e . The amount o f  p r e s t r e s sin g 
ste e l s e emed exc e s s i v e . I n  1 9 5 0 at-Crawl ey , En g land , a 
s e ct i on 4 0 0  f e et l on g , 2 6  f e et w i d e , 6 in che s  th� c k  wa s c on -
str ucted. I n  t h i s p ro j e c t  th e tendo n s  wer e run d i a g on a l l y . 
In each o f  the s e  cas e s  th e pav ement wa s p o s t - t en s i on e d .  F rom 
the e xpe r i e n c e s  at E s b l y  and Crawl ey , th e Cement a n d  Conc r e t e  
A s s o c iation o f  En g l a n d  b e gan a s t udy o f  var i o u s  p r o b l ems . 
Pre - t en s i on in g  d i d n ot s e em p r a c t i ca l  du e to the d i ff i cu l ty  
o f  p r ov i d in g  su i tab l e  ancho ra g e s . At this p o in t , t h ey 
d e c i d e d  c ab l e s  s hou l d  b e  p ara l l e l  w ith the  ro adway . ( S) 
I n  1 9 5 3 , a t e s t s l ab 5 0 0  f e e t l o�g ,  1 2  f e et w i d e  and 7 
in che s th ick was c on stru ct ed at the Patuxent  .Riv er  Nav a l Air 
Stat i on , Mary land . The  p r e s t r e s s in g t endon s  c on s i s t e d  o f  2 3  
l on gitudina l s t rand s , 0 . 6 i nc h e s  in d iamete r .  T rans v e r s e  
p r e str e s s i n g was al s o  p r ov i d e d  for i n  th e test i n g  p roc e du r e .  
I n  th i s  particu lar t e st ,  p o s t - t en s i o n in g was s e l e c t e d  on  the  
-bas i s  o f  e c on omy . The t e s t  proved that th e s l ab had a l oad ­
car r y i n g  capacity w e l l  b ey ond  norma l  d e s i gn p rac t i c e . E x c e s-
s ive de f l e c t i on s  in  th e b a s e  c o ur s e , wh i ch wou l d  n o rma l l y 
not be a llowed in c on v en t i o na l  p rac tic e , c ou l d  t ake p l ace 
withou t  de t r iment ·to the s t ru c tura l  e l ements . Momen t fail ur e  
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did not occur at intermediate points in the prestressed slab 
with loads up to 2 00,000 pounds. The loads were applied on 
plates with diameters varying from 2 to 2 0  inches. The 
investigator also stated that the slab showed superior behav­
ior under loads placed a t  shrinkage cracks and a t  t he 
ed ges.(6) 
I n  early 19 5 7  const ruc tion was completed on an experi­
mental prestressed concrete highway project in Pit tsburgh, 
Pennsylvania .  The primary post-tensioned unit was a slab 1 2  
feet wide, 5 inches thick, and 4 00 feet long. The results 
of static load testing showed t hat the slab was ent irely 
adequat e  to carry the design wheel load of 16 , 000 pounds . 
The maximum measured deflection was . 04 8  inches which was 
well wit hin t he elastic range of the subgrade . Concrete 
strain was found to be closely concen trated in the vicinity 
of the load, and for all prac tical purposes t he s tress was 
non-exis tent at a distance of 3 to 4 feet from applicat ion· 
of the load. Data confirmed that edge loading conditions 
were much more critical than interior loading . Anot her 
conclusion was that it would take millions of load repe t i­
tions well in excess of t he 16, 000 pound design load t o  
cause fatigue failure.(7) 
An experimental taxiway was constructed a t  Melsbroek 
Airport, Brussels, Belgium, in 195 8. The dimensions o f  the 
prefabricated, post-tensioned pavement were 1 , 1 5 0  feet in 
length and 75  feet wide . The pav�ment consisted of a 
ne twork o f  s lab s me a s u r i n g 39 f e e t  in l en g t h  by 4 f e e t  w i d e  
and 4 in che s. t h i ck .  The p avement wa s d e s i gn e d  f o r  a l o a d  
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o f  4 5  t o n s  p l a c e d anywhe r e  on i t  on  a p l a t e  29 1/2 in ch e s  i n  
d i ame t e r . T h e  p l a t e  w a s  l o ad e d  i n  a r ep e t i t iv e  mann e r  a n d  
re s ul t s  showe d t h a t  d e f l e c t i on s  t en d e d  t o  d i s ap p e ar a t  
app r ox ima t e l y S f e e t  from t h e  l o a d e d  p l a t e . An o th e r  sign i­
f i can t  f in d in g  wa s t h a t the d e f l e c t ion curv es  r ev e a l e d  n o  
we akn e s s  or d i s con t inu i t i e s  t h a t  m i gh t  h av e  o c curr e d  du e t o  
e i th e r  t r an sve r s e o r  l on g i tu d in a l  j o in t s. Th e t e s t r e s u l t s 
aga in i l l u s t r a t e  t h e  r ema rkab l e  l o ad c ar r y i n g  c ap a c i ty o f  
r e l at ive l y  t h in  p r e s t r e s s e d  c o n c r e t e  p av ement  s l ab s . (8) 
B e tw e e n  1962 and 1970, f iv e  Ma s t e r  o f  S c i e n c e  C an d i­
dat e s  in  Civi l En g in e e r in g  a t  S o u th D ako t a  S t a t e  Un iv e r s i ty 
have wr i t t en t h e s e s  on t h e  f e a s ib i l i ty ,  p e r fo rman c e , an d 
co s t  o f  p r e s t r e s s e d  c o nc r e t e  p avemen t s . In 1962 G o r s u ch 
condu c t e d  l ab o r a t o ry t e s t s  on the s t ruc tur a l  p e r f o rman c e  o f  
pr e c a s t p an e l s . By u s i n g  h a l f - s c a l e p an e l s w i t h  d im en s i on s  
12 f e e t  l on g , 2 f e e t  w i d e  and 2 inche s t h i c k , h e  d e t e rm in e d  
th a t  whe n  the p an e l s  we r e  l a i d i n  th e t r ansv e r s e d i r e c t i on , 
th ey  a c t e d  as a s i n g l e s l a b  and b ehav e d  e l as t i c a l l y b ey ond  
the y i e l d  po i n t . (9) 
Krus e m a d e  fur t h e r l a b o r a t o ry t e s t s  in 1966 t o  e v a lua t e  
the  f e a s i b i l i ty o f  p r e s t r e s s e d  p av emen t an d make r e c omme nd­
a t i o n s  for  p o s s i b l e  f i e l d  s tud i e s .  P r e s t r e s s e d  p an e l s  u s e d  
i n  t he inv e s t i g a tio n had d im e n s i on s  of 24 fe e t  b y  4 f e e t b y  
4 1/ 2 inch e s  th i c k. T h e  p an e l s  we r e  p r e - t en s i on e d  in  t h e  
lon g i tud in al d i r e ct i on a n d  po s t - t en s i on e d  in t h e  tra n s v e r s e  
d i r e c t i o n . A 2 in ch o v e r l a y  o f  a sphalt i c  concr e t e  wa s u s e d  
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for a r i d in g  s u r fa ce . The  c on c l u s i o n s  drawn f r om th e stud y  
w e r e  th at 4 1/ 2 in ch th i c k  p av ement i s  s t ruc tura l l y ad e qu a t e 
fo r h e avy duty h i ghway s e rv i c e , and t h a t  sub gr a d e  pump i n g  
w a s  th e princip a l  facto r  wh i ch may p r e c l u d e  the u s e o f  
th i s  typ e o f  p av em en t  on s u b g ra d e s  w ith a l ow mo du l u s  o f  
s u b g r a d e  r e a c t i on . ( 1 0 )  
I n  196 7 ,  J a c oby f in i s he d a r ep o r t  on a l ab o rato ry a n d  
s m a l l s c a l e  f i eld s tu dy o f  p r e s t r e s s e d con c r e t e  p av ements . 
The fu l l  s c al e f i eld t e s t p an e l s me a s u r e d  2 4  f e e t  in  l en gth , 
6 fe et w i d e  and 4 1/2 inche s thi c k , wh i l e  the l ab o rato ry 
an alys i s  u s e d  ha l f  s c a l e  p an e l s . The  r e s e a r ch wa s so l e l y  
a im e d  at fi n d in g  the exp an s i o n  and con t ra ct i on chara ct e r­
i st i c s  o f  a p av em ent sy stem o f  the type s tu d i e d . On e c o n ­
clu s i on w a s  t h a t  the c on t ra c tio n cyc l e  o f  a pan e l g r o up wil l  
b e  o f  p r imary conc e rn in th e d e t e rm in a t i o n  o f  t h e  s h e ar in g. 
forc e s  p r e s en t  in  the g r o u t  key . (11) 
Obj e ct ive s o f  Inv e st iga tion 
I n i t i a l l y , it s e em e d a s  th o u gh the in d iv i dua l  s l ab 
d e s i gn wou l d  b e  contr o l l ed b y  two f ac t o rs . T h e  f i r s t f a c t o r  
invo l v e d  prov i d i ng su f f i c i e n t  con c r e t e  cov e r  o v e r  p r e st r e s s­
�ng t en do n s; the  s e c o n d  d ea l t  w i t h the  str e s s i n  t h e  s l ab 
due t o  i t s  own d e a d  w e i gh t  dur in g han d l in g .  T h e  ob j e ct iv e s  
o f  th i s  i nv e st i ga t i on we r e  t o  s tudy the s t ru ctu r a l 
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cha ra c t e r i s t i c s  of t h e  p avem e n t  s y s t em and to d e t e rm in e  i f  
the o r i gin al d e s i gn w a s  a d e qu a t e for l o a d i n g  c o n d i t i o n s  p r e ­
v a i l in g  in Sou t h  Dako t a . 
A p r e v i o u s  i nv e s t i ga t i o n  w a s  comp l e t e d  by Ph i l l i p s ( l 2 ) , 
in 1 9 7 0 , c on c e rn ing the  s e a s on a l exp ans i on and c o n t ra c t i o n  
char a c t e r i s t i c s  o f  the t e s t p avemen t invo l v e d  in t h i s  r ep o r t . 
The r e fo r e , th i s  s tudy wa s r e s t r i c t e d  t o  the  an a l ys i s  of the  
fo l l ow in g  s t ru c tu ra l  a s p e c t s: 
1 .  B en din g s t re s s  r e s u l t in g  fr om l o ad in g; 
2. Warp in g s t r e s s  du e t o  t empe r a t u r e  d if f e r en t i a l; 
3 .  C omb ined w a rp in g a n d  b end i n g  s t r e s s; 
4 .  D e f l e c t i on; 
S. S h e a r  t ra n s f e r  from p an e l  t o  pan e l . 
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PRE PARATION OF TEST SE CTION 
T h e  ove r a l l  d imen s i on s  of  t he t e s t  s e c t i on a r e  900 f e e t  
lon g b y  2 4  f e e t  w i d e . It  i s  d iv i d e d  in t o  two p a r t s; t h e  
e as t  504 fe e t  hav in g t h e  p an e l s  l a i d i n  a l ong i tu d in a l  
d i r e c t ion , and t h e  w e s t 3 9 6  f e e t  h av in g  t he p an e l s  l a �d in 
a t ra n sv e r s e  d i r e c t i o n  t o  the r o a dway as s hown in F i gure 1 .  
De s c r ipt i on of P ane l s  
A s  m en t i on e d  p r ev i o u s l y , i t  wa s fo und th a t  l ift i� g  and 
hand l in g  t h e  p an e l s  p r o du c e d  the cr i t i c a l  s t r e s s e s . A c c o r d­
in g l y , the  p an e l s  we r e  d e s ign e d  t o  comp en s a t e  f o r  t h e s e  
st r e s s es .  
T he p an e l s  we re  c ons t ruc t e d a t  G a g e  B ro th e r  Con c r e t e  
Comp any in S i oux F a l l s , Sou th Dako t a . Ex c e p t  f o r  t h e  e n d 
p an e l s , pan e l s wer e  p r efabr i c a t e d 2 4  fe e t  in l en g t h , 6 f e e t 
w i d e ,  an d 4 1/ 2 in ch e s t h i c k . The four end p an e l s  o f  t h e  
.lon g i tu d in a l  s e c t i o n  w e r e  con s t ruc t e d  12  fe e t  l on g , 6 f e e t  
w i d e ,  and 4 1/ 2 in ch e s  th i ck . F o r  l i f t in g  an d hand l i n g 
purpo s e s , four s t e e l  l o op s we r e  p r e c as t  in t o  the p an e l s . 
The s e  l o o p s  we r e  l o c a t e d  5 fe e t  from e ach end and 1 f o o t 
f r om e i th e r  s i de . St r e s s e s r e su l t in g  from l i f t in g  t h e  s l ab 
. we r e  max imum a t  S fe e t  from th e e n d s . The c a l cu l a t e d  s t r e s s  
wa s 61 2 p s i comp r e s s i on in the t op f ib e r s  an d 1 9 6  p s i c o m -
pression in t h e  b o t t o m  f i b e r s . 
T o  main t a in the a f o r emen t i oned s tr e s s e s , a un i fo rm 
p re s t re s s o f  405 p s i wa s induc e d  in t o  the  p ane l s  b y  u s in g 
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ten 3/ 8 inch diameter, 2 70,000 pound, 7 strand, high strength 
steel cables . The panels were reinforced in the transverse 
direction with 23 No . 3 steel reinforcing bars . Figure 2 
shows typical panel details with the arrangement of pre­
stressing and reinforcement . 
Tapered grout keys were construc ted on all adjoining 
sides o f  the panels . Prior t o  panel placemen t, one edge of 
each adjoining panel was coated with a bond breaker . After 
the keyways were filled with P ortland Cement grout, t hey pro­
vided for shear transfer bet ween panels, and for the indi ­
vidual expansion,and con traction of the panels . See Figure 
3 .  
The panels for the longitudinal arrangement on the east 
end were constructed with pro truding reinforcing bars which 
provided a welded connection at the quarter points of the 
panels. At these poin ts of connec tion, access for field 
welding was furnished by a 2 inch widening of the grout key 
for a distance of 4 inches as shown in Figure 3 .  
The panels for t he west end were designed without 
connecting joints and therefore did no t require reinforcing 
connections . 
Subgrade Preparation 
The sub�rade was constructed by undercut ting through 
cut sections and shallow fill sections, 3 feet below the 
proposed earth subgrade, to assure a minimum fill height of 
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3 feet. The subgrade embankment was compacted in 8 to . 1 0  
inch lifts to meet specified moisture and densi t y  criteria 
using sandy silt fill material from a nearby borrow pit . 
Crushed gravel sub base was then added and compac ted to 
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produce t he necessary t ransverse slope and thickness, with a 
3 inch minimum thickness provided at the centerline af t er 
finegrading . 
Figure 4 shows the au tograder used to finegrade the 
subbase to the correct elevation. The sub base was compacted 
using a pneumatic self-propelled roller . Concrete paver 
forms were installed a t  the correct elevation to serve as 
alignment guides and a supporting track for construc t ion 
equipment . 
A one-half inch layer of bedding sand was added just 
prior t o  placing the precast panels. A �ailblade riding on 
the paver forms, as shown in Figure 5 ,  was used to grade the 
bedding sand to the correct eleva tion . 
A typical cross sec tion of the pavement struct ure is 
shown in F�gure 6 .  
Placemen t of Panels 
Handling of panels after being transported to the 
construction site was accomplished by the use of a hydraulic 
crane equipped wit h  a specially designed sling tha t  could 
be connected to the four steel loops precast into each of 
the panels . See Figure 7. As ment ioned previously, a bond 
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br e a ke r  (RC 2 5 0 a s ph a l t c emen t )  wa s app l i e d  a l o n g  o n e e d g e 
o f  abu t t in g  p an e l s t o  p r event  the g r o u t  (p l a c e d  in th e 
j o i n t s  l a t e r) f r om b o n d in g a l on g  one  e d g e  of the keyway s . 
P l a c ement o f  the p an e l s b e gan w i t h t he l on g i t ud in a l  c onf i g­
ura t ion a t  the  e a s t e n d  of the t e s t  s i t e  wh i ch i s  s hown in  
F i gu r e  8 .  T he c o n c r e t e  p av e r  f o rms s e rv e d  the  a dd e d  fun c­
t i on o f  p r ov i d in g  a l i gnmen t f o r  the  lay i n g  of the  p an e l s . 
F i gur e 9 sho ws a we l d e d  c onn e c t i on of one  of the j o in t s  in  
th e  l on g i tu d in a l  p an e l  a r ran g emen t . 
The pane l s  i n  the we s t  s e c t i o n  we r e  plac e d  in  the  
t ran s v e r s e d i r e c t i on a s  s hown in F i gur e 1 0 . The s e  p an e l s  
we r e  n o t  prov i d e d  w i t h r e inforc in g c onn e c t or s  b u t  we r e  
coa t e d  wi th b o n d  b r e ake r , a s  d e s cr i b e d  above . 
Aft e r  the p ane l s  w e r e  in p l ac e , t h e· s t e e l  l o o p s  u s e d  
for hand l in g purpo s e s w e r e  bur n e d  o ff wit h  an a c e ty l e n e  
tor ch. T o  a s s ur e  f irm p l ac emen t - o f  t h e  pan e l s  i n  t h e  
b e dd i n g  s and , a v ib r a t o r  typ e r o l l e r  wa s mo v ed b a c k  and 
forth over  the p ane l s . S e e  F i gu r e  1 1 . A f t e r  uns uc c e s s -
fu l ly t ry in g t o  u s e an a i r p r e s sur e g r out  mach ine  t o  f i l l  
the grout  keys , a p i s t o n  dr iven gr o u t  ma c hin e  wa s u sed f o r 
the grou t in g  op e r a t i o n . S e e  F i gur e 1 2 . A s  s o on a s  the 
p an e l s  had b e en g r ou t e d , the who l e  t e s t  s e c t i on wa s c ov e r e d  
w i th p o l ye thy l en e  and all owed  t o  cur e f o r  s ev era l days . 
As a f in a l  s t e p ,  a t a ck. coa t of RC 70 asph a l t wa s 
then app l i e d  t o  the p an e l s  and imme d i a t e ly c ov e r e d w i th 
c l a s s  G a s ph a l t i c  c o n c r e t e . The th i ckn e s s  rang e d  fr om 3 
F i gu r e  9 .  Typ i cal Wel d e d  Conn e c t ion 
F i gu r e  1 0 . Plac in g Pan el s  in  t h e  We s t  Se c t i on 
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Figure 11. Vibrating the Panels 
Figure 12. Grouting the Keyways 
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in che s a t  the  c en te r of the r o a dway t o  1 1/ 2 in che s a t  the 
e d g e s , thu s  p r ov i d i n g  a crown for t he h i ghway and a s m o o th 
r id in g  s u rface . S e e F igur e 1 3 . 
2 1  
2 2  
F i gure 1 3 . App l y i n g  the  As pha l t ic Concr e t e  Mat 
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THEORY , EQUIPMENT AND TECHNIQUES USED IN TESTING 
Tempera ture Differential 
Two of the major fact ors creating stress in rigid type 
pavement s  are stresses due t o  loading and those due t o  
warping . T o  analyze warping stresses in the pavement system, 
some method of obtaining tempera ture �ifferential w�s requir-
ed . Since the pavement was already in place , a system for 
measuring temperature differential had t o  be added .  The 
first step was\ to remo v e  six 2 inch cores with a diamond 
studded core drill. Coppe r  versus constantan therm6couples 
were then affixed to t he top and b o t tom of each 4 1/ 2 inch 
concrete core using rub ber base cement .  The cores were t hen 
inserted in their respective holes and grouted in place , 
leaving the leads to the thermocouples pro truding upward 
through the pavement . 
As was mentioned in the previous chapter, t he panels 
were overlaid with asphal tic concrete with t he thickne ss 
varying from the centerline to the edge of the pavement . 
The void remaining after removing the asphalt portion of the 
core , provided storage for the coiled thermocouple leads . 
To prevent the lead wires from weathering, inspection ports 
were fabricated from z inch standard pipe plugs and pipe 
couplings cut to the correct length. These were fastened 
permanently in t o  the asphalt overlay with epoxy . 
2 4  
A s e lf - comp e n s a t in g  typ e p o t en t i o m� t e r  wa s u s e d  t o  
me a s u r e  the  emf o f  th e t h e rmo coup l e s  fo r c o nv e r s i o n  t o  
temp e r a t u r e  r e a d i n g s . The s e  r e ad in gs we r e  t aken t hr e e  t ime s 
d a i l y ,  o n c e a we ek f o r  a pp r o x i ma t e ly s even mon t h s  dur i n g 
the s e as on s  of s umme r ,  fa l l ,  and w in t e r . F i gu r e  14 s hows. 
on e of the t e s t p o in t s  an d the p o t e n t i o me t e r  u s e d  f o r  
t empe r a tur e me a s ur emen t s . 
Seve r a l  p r o b l ems we r e  en coun t e r e d  u s i n g  th i s  ar r an g e­
men t for d e t e rm in in g  t emp e ra ture d iffe r en t i a l s . The mo s t  
s e r i o u s  wa s the  abu s e t o  th e the rmo c oup l e  l e a d s  th a t  was 
ne c e s s ary t o  t ake m e a s u r emen t s . P r i o r  t o  e a ch m e a s u r em en t , 
the w i r e s  h a d  t o  b e  un c o i l e d and ex t e nde d o u t  of th e in sp e c­
t i o n p o r t  fo r c o nn e c t i o n  t o  the  p o ten t i ome t e r . Aft e r  r e a d­
in g s w e r e  t ake n , the w i r e s  we r e  r e c o i l e d an d r ep l ac e d  in 
the in sp e c t i o n  p o r t . Th i s  c o i l in g  and unco i l in g  p r o c e s s  
cau s e d  s eve r e  we a r  on  th e fr a g i l e  w i r�s and r e su l t e d  i n  the  
fra c tu r in g of s ome l e ad s . The  t ime and co s t  invo l v e d  i n  
rep l a c ing . t he s e  the rmo c o up l e s  wou l d  h ave b e en c on s i d e r ab l e  
be cau s e i t  wou l d  h av e  m e an t  r emov ing the i n s p e c t i on p o r t , 
the c on c re t e  p avemen t c o r e , and then f in a l ly a t t a chin g n ew 
the rmo coup le s . However , s i n c e  s i x t e s t  p o in t s  we r e  o r i g i­
na l ly in s t al l e d , temp e r a ture  d iffe r en t i a l  me a s u r emen t s  we r e  
av� i l ab l e w i t h ou t  r e p l a c in g  t h e  b roken thermo coup l e s . I n  
th i s p ar t i cu l a r c a s e , th e rema in in g me asuremen t s  ava i l ab l e  
wer e con s i d e r e d  s uff i c i e n t . M inor prob l ems inc l u d e d  wa i tin g  
fo r th e p o ten t i ome t e r  un i t  t o  s t ab i l ize , and dur i n g  the  
Figure 1 4 . Potentiometer in Position for Temperature 
Measurements 
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win t e r  mon th s , ma in ta in i ng the  un i t  in s id e  a warm v e h i c l e 
t o  ke ep i t s  t e mp e ra t u r e  ab ove  3 2°F .  
Rad ius  o f  Curva t u r e  an d B end ing Due t o  S ta t i c  L oad i ng 
S t r e s s e s  du e t o  t h e  app l i ca t i o n  o f  a wh e e l  l oa d  ar e 
cr i t i cal t o  any pavement  s t ru c tur e . The r e f o r e , p r ov i s i on s  
we re mad e  i n  th i s  te s t in g  p r ogram t o  t ry t o  eva l ua t e  t he s e 
s t r e s s e s . 
Th e Texa s  H i ghway D epar tmen t rep o r t e d(l 3) o n  a r e l a -
t iv e l y  new ins t rumen t  f o r  eva l ua t ing s t r e s s e s  i n  t h e i r  
2 6  
cont inuou s ly r e in f o r c e d  con cre t e  pavem en t s . Th i s  in s t rumen t ,  
known as a rad i u s  o f  cu rva t u r e  me t e r  ( commo n l y  cal l e d  a B a s i n  
Beam) , works on  the geome t r i c  p r in c ip l e  tha t  a curve may be 
drawn th rough any th r e e  p o in t s . Th e Bas in B eam g iv e s t he 
r e la t i v e  c o o rd inat e s  o f  thr e e  po in t s  w i th i n  the d e f l e c t i o n  
ba s in . T he de r ivat i on o f  t h e  e xp r e s s i o n  f o r  cal cu l a t i ng 
the rad ius o f  curva t u r e  o f  a c i rc l e  th� t  pas s e s thr o ugh 
thr ee  known p o i n t s is  s hown in Appen d ix A .  I f  t h e  c o o r d i­
nate s. o f the graph o f  t h e  bas i n  b eam ar e u s e d , t h e  e qua t i o n  
for t he rad ius o f  c u rva t u r e  (R) b e com e s: 
1
2 
- 46
2 
86 
R = 
whe r e: 
L = L ength o f  the Ba s in  Beam , inch e s .  
� = Th e  radia l d i s tan c e  from the m i d p o i n t.o f  the c i r c l e 
s egme n t  t o  the ch o r d  o f  the s egmen t , in ch
e s . 
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The s i gn i f i c ant a s s ump t i o n  in t h i s  e qua t i o n  is  th a t  the 
d e f l e c t i o n  b a s i n  c on f o rms t o  tha t of  a p e r f e c t  c i r c l e . A c t u -
a l ly th i s  i s  n o t t h e· ca s e , bu t the a s sump t i on s e em s  qu i t e  
n e c e s s a ry f o r  any f e as i b l e  s t udy b a s e d  o n  the  r a d i u s  o f  
cu rva t u r e . I n  v i e w  o f  t h i s , t h e  l en g th o f  t h e  B as i n  B e am 
s houl d  b e  o f  a m in imum l en g th cons i s t e n t  w i th th e capab i l -
i t i e s  o f  t h e  d i a l gage u s e d  fo r m e a sur in g v e r t i c a l  d i s p l a c e­
m e n t . On th i s  b as i s , t h e  T e x a s  H i ghway Dep artment  a r r ive d 
a t  a l en g th o f  4 0  i n che s , and i t  wa s d e c i d e d  tha t the  l en g th 
o f  the B as in  B e am t o  b e  fabr i c a t e d  f o r  th i s  s tudy s ho u l d  b e  
the s ame . F i gu r eijl S  s hows a s h op dr awin g o f  the B a s i n  B e am .  
From a p ra c t i c a l  s t an dp o in t, the s e cond  t e rm in  t h e  
nume r a t o r o f  t h e  abo�e e qu a t io n  c an b e  d e l e te d . Fo r a 
l en gt h  o f  t en in ch e s  o r  gr eat e r , th e s e cond  t e rm i s  s o  s ma l l  
comp a r e d  t o  th e f i r s t  t h a t i t  i s  n e g l i g ib l e . De l e t in g  the 
s e co n d  t e rm in  the nume ra t or , s ubs t i tu t i n g  40 i n ch e s  fdr t h e  
l en g th L ,  an d conve r t in g  t h e  r a d iu s  o f  curva tur e t o  f e e t  
r e sul t s  i n  t he fo l l ow i n g e xp r e s s i on: 
R = 
16.67 
� 
The s t a t i c  l o ad wa s app l i e d  u t i l i z i n g  a l ar g e wa t e r 
t ank.moun t e d  o n  a dua l  wh e e l e d  s i n gle ax l e  t ruck  p r o v i d e d  b y  
the S ou t h  Da ko t a  De p ar tment  o f  H i ghways. T h e  ax l e  l o ad wa s 
app�ox imat e l y 1 5,000 ?Ounds . The conta c t  ar e a  o f  t h e  r e a r  
wh e e l s  w a s  p o s i t i o n e d  ove r a pr e d e t e rm in e d  po int , w i th the 
out s i de whe e l s ix inche s from the ed g e  of the p av emen i . T h e  
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Figure 15. Drawing of Basin Beam 
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Bas in B eam was p lac e d  o n  t he pavemen t w i th in t wo i n ch e s  o f  
the ou t s i de  whe e l  and an in i t ial r ead i ng taken . W i th t h e  
Bas in  Beam i n  th i s  p o s i t i on the t ru c k  wa s mov e d  ah ead on e 
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fo o t  at a t ime , s t op p i ng for  the r e c o rda t ion o f  each r eading . 
Th i s  p r o c e dur e was c o n t i nu e d  un t i l  the r ead ings o f  th e Ba s in 
B eam s tab i l i zed . By t e st ing in th i s  mann e r , i t  was p o s s i b l e  
t o  f in d  the m in imum rad i u s  o f  curvatu r e  (max imum s t r e s s) 
wh en  the l oad was e xac t l y  ov e r  the p o int  in que s t i o n , an d 
also the rad i u s  of curva tur e (an d the r e fo r e  the  s t res s) 
deve l op e d  as the t ru c k  mo v e d  away from the p o in t  und e r  c o n­
s i derat i on . F igur'e 16 s h ows th e s ta t ion ing o f  t e s t  p o in t s  
a l o n g  the pav ement  s t ruc t ure . Tab l e  1 in App e n d i x  B s h ows 
typ i cal da ta from the Bas in B eam t e s t s . 
Th e T e xa s  H i ghway D epar tment ran .e x t en s i v e  t e s t s  t o  
de t e rm in e  in s t rumen t e r r o r and the e r ror o f  r e p r o duc i b i l i ty .  
The r e su l t s  s howe d t hat the two e r r o r s  t oge the r wou l d  b e  
l e s s t han s ev en p e r c e n t  an d tha t the Ba s in B eam give s  ac c ep t-
ab l e  r es u l t s .  F igur e  1 7  shows the Bas in Beam in p o s i t io n  
fo r t e s t ing .  
Pav emen t Def l e c t i ons  
be f l e c t i on  ana l ys i s  wa s car r i e d  out  us in� two B en k l em an 
B eams and t h e  l o aded t ru c k  de s cr ibed ab ove. S in c e  1968, 
e ight s e r i e s  o f  B en k e l man Beam t e s t s have  b e en ma de a t  
s e l e c t e d  p o in t � on the t e s t s e c t ion . The s e  t e s t  p o i n t s  w e r e  
or iginal ly at each 100 f o o t  s tation a l ong th e t e s t  pav ement .  
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Figure 17 . Basin Beam in Position for Testing 
31 
Dur in g t h e  las t t hr e e  t e s t s, the numb er  o f  t e s t  p o i n t s  wa s 
expan d e d  t o  in c l u d e  var i o u s  s e c t ion s o f  the ind iv i dua l 
p r e cas t pan e l s . Se e F i gu r e  1 6 .  
The f i r s t  s ix t e s t  s e r i e s  we r e  carr i e d  out  c on s i s t en t  
w i t h  the  Sout h Dako ta D e par tmen t o f  H i ghway s p r o c e dur e . 
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The p rob e s  o f  th e  B enk l e man B eams w e r e  e x t en d e d  b e twe en t h e  
dual whe e l s  t o  t h e  p o i n t i n  qu e s t i on . T h e  d ial s wer e  z e r o e d  
an d t he de f l e c t i o n  t ru ck then mov e d  a t  c r e e p  s p e e d  u n t i l  o u t  
of t h e  z on e  o f  in f lu e n c e . T h i s  p r o c e dur e p r ov i d ed  a max imum 
d ef l e c t i o n  r ea d in g an d a r eb ound r ead ing . Typ i ca l  da ta i s  
sh o\\rn in Table 2 ,  App e n d i x  B .  
The las t two s e r i e s  o f  tes t s  we r e  s e t  up t o  p ro v i d e  da ta 
for p l o t t in g  t he  d e f l e c t i on curve chara c t e r i s t i c s of t h i s 
type o f  pav ement s t ruc t ur e . The in i t ial · pro c e du r e  o f  the s e  
t e s t s  was i d e n t i ca l  t o  t ha t  o f  the  f i r s t  s i x t e s t s . How­
ev e r, in s t ead o f  mo v i n g  the v eh i c l e  a t  a cons tan t s p e e d an d 
tak in g on l y  two r ead in g s  from the i n s t rumen t s , · t he t ruc k wa s 
mov e d  one  f o o t a t  a time, s t o pped , and a r ead in g taken . 
Th i s was cont inu e d  un t i l  the t ruck wa s o u t  o f  t he zo n e  o f  
in fl u ence . Tab l e  3 in App end ix  B s hows typ i cal data . 
. F i gu r e  1 8  s hows t h e  B enkl eman B eams in  p o s i t i on ju s t  
pr io r t o  t e s t in g .  
Trans f e r  o f  Shear B e tween Pan e l s 
I n  chap t e r  1, the  co n f i gura t i on an d c on s t ruc t i o n  o f  
shear keys b e twe en pan e l s  wa s e xp lain e d . I t  app ears t ha t 
Fi gure 1 8 . Benkel man Beams i n  P o s i t ion  for Tes ting 
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seasonal expansion and contraction of the individual panels 
would create an adverse effect on the transfer capabilit ies 
of these shear keys . I n  1970 ,  Phillips(l2)  conducted 
research on this particul ar project concerning seasonal 
expansion and contrac tion characteristics of this t ype of 
pavement structure . Table 4 in Appendix B shows t ypical 
data obtained from Phillips' study . 
EVALUAT I ON OF DATA AN D D I S CUS S I ON O F  RE S ULTS 
Temp e r a t ure D iffer en t i a l  
When eva l u a tin g wa r p i n g  s t r esse s  in rig i d- typ e p ave­
men t s, Yo der ( l 4 )  s t a t es t h a t  t h e  maximum t e mp e ra tur e  
d ifferen t i al s for pavemen ts 6 t o  9 inches t h i ck app r o a c h  
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2 1/2 t o  3 de g r e es per i n ch of s l ab . The max i mum t emp e r­
ature d ifferen tia l encoun t e r e d  durin g t e s t i n g  on t hi s  pro j e ct  
was 2 . 8°F per i n ch for  a t o t a l  diff e r en t i a l  of 1 2 . 6°F betwe e n  
the t op an d b o t t om of t h e  4 1/2  inch thi c k  s l ab . T akin g in t o  
a c c oun t.th at  c o n t inuous t e mp e ra tur e da t a  was n o t t a ken , i t  
seems rea s onab l e  th a t  t h e  ma x imum d iffe r en ti a l  c ou l d  r e a ch 
3°F p er inch of sl ab o r  m ore . 
S pecul a t i o n  a s  t o  why the diffe r en tia l  of  t emp e ra t ure 
f or such a th in s l ab i s  as l ar g e  as t h a t  of t h e  t hi ck e r  
s l abs me n tion e d  b y  Y o d e r  b rin gs o u t  two p ossib l e  r e as on s . 
The f i r s t  i s  th a t  the asp ha l t over l ay wou l d  t en d  t o  a b s o rb 
heat and t herefore cause a h i ghe r  temp era t u r e  a t  t h e  t op of 
the s l ab than if n o  asph a l t we r e  p r esen t . Ano the r r e ason 
cou l d be t h a t  the p r est ress e d  concre t e  is a s light l y  m o r e  
dense materia l th an re gular reinfo rc e d  c on c r e t e .  Bo t h  
effec ts wou l d b e  additive and t en d  t o  make 3° F per inch 
seem qu i te r e a s onab l e  fo r a t empe ra ture diffe r e n tia l for 
th i s t ype of p avemen t s t ru c tur e .  
U s in g  Br a dbury's the o ry tha t is presen t e d  by Y o d e
r ( l 4 ) , 
it i s p o s s i b le t o  arrive at va lues  for in t erior and e d ge 
warp i n g  s t r e s s e s  o f  t h e  p r e s t r e s s e d pan e l s . The  fo l l ow i n g  
equat i o n s  y i e l d  s t r e s s  va l u e s  due t o  war p in g : 
E d g e  s t r e s s e s  
In t e r i or s t r e s s e s  
Whe r e : 
E = Modulu s o f  e l as t i c i ty (4, 2 5 0, 0 0 0  p s i )  
Et = Co ef f i c i en t  o f  the rma l  expan s i on ( 5  x l 0-6 i n . /°F) 
� t  = Temp e ratur e d i f f e r en t ial ( 1 3 . 5°F)  
µ = Po i s s on ' s  ra t i o  o f  the c oncr e t e  ( 0 . 1 5 ) 
C1 = Co e f f i c i en t  in d e s i r ed d i r e c t i on ( var iab l e )  
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C2 = C o e f f i c i en t  fo r pe rpend i cu lar dir e c t i on ( va r iab l e )  
Th e c o e f f i c i en t s C
1 
an d C2 ar e ob ta in ed fr om a graph as 
shown by Y o d e r  r e lat in g va lu e s  of C1 and C2 to .va l u e s  o f  
Lx/ l an d L y/ l . Lx and L y  ar e the free  l en g t h  an d w i d t h  
r e sp e c t ive ly  and 1 i s  t h e  rad ius o f  r e la t ive s t i f fn e s s . Th� 
rad ius o f  r e la t ive s ti f fn e s s  i s  g iven by : 
1 
Wh e r e: 
K = Modu lus o f  s ub g ra d e  r eac t ion ( var iable, p c i )  
h = Th i c kn e s s  o f  t h e  pav emen t (4 1/2 inthe s )  
Figure 19 shows the graphical relationship between K 
and the stationing along the test site. This data was 
obtained prior to placement of the pavement and was ana­
lyzed by Phillips(l2). 
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Table 5 Appendix B shows warping stress values obtained 
from using the previous equations. �ote that two relation-
ships between Lx and Ly exist: one when the panels are laid 
in the transverse direction and the other when the panels 
are in the longitudinal arrangement. An analysis by 
\ 
Friberg(lS) st�tes that warping stresses for prestressed 
pavements are at a maximum throughout the total length of a 
slab except for a distance of 14 h on each end. This con-
cept will be valuable when finding additive stresses due to 
warping and bending. Since h is the pavement thickness, 14 
h equals 63 inches in this case. The length of the panels 
in the transverse section is only 6 feet. Friberg's anal-
ysis rules out using the previously developed equation for 
warping stresses in the transversely laid portion of the 
test section. Therefore Table 5 in Appendix B shows warp­
ing stress only for the longitudinal portion. 
In the analysis of many previous prestressed type pave­
ments, stresses resulting from friction between the base 
course and the pavement slabs were analyzed. Because of the 
configuration of the individual panels in this project, 
stresses resulting from uniform temperature change, ca�sing
 
the slabs to expand or contract should not have an ad
verse 
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e ffect. The critical case for expansion is if the ends of 
the pavement are securely fixed. This case would never 
h appen , bu t if it did t he stress would be something less than 
1 0 0 0  psi compression , which is well under t he compressive 
s t rength of prestressed concrete. I n  this type of pavement , 
co ntraction can take place within ea�h 2 4  foo t panel . Ten ­
sion stresses resulting from friction between subbase and 
panel is negligible for a panel length of 2 4  feet. 
Bendin g Under Static Load 
The development of the - formula for t h e  radius of curva­
ture was shown previously . Also stated was that the radius 
o f  curvature is inversely proportional to stress due to 
bending. From theory, the following equation is valid: 
- 1 
1 2 R  
Where : 
(J = 
= Q_ 
En 
En 
or cr = 1 2 R 
Flexural stress in the slab , in psi 
R = 1 6 . 6 7 / 6  = radius of curvature, feet 
E = C oncrete modulus of elastici ty, 4 , 2 5 0 , 0 0 0 psi 
n = Distance from n eu tral axis to extreme fibers 
2 . 2 5 inches 
Sub s tituting values into the above equation, the particular 
equation for stress due to . bending is : 
a = 4 7 , 8 0 0 6  
Aga in 8 . is defined as the radial distance from the mid- poin � 
f h to t he Chord of the segment in inches. o t e circle segment 
4 0  
Th i s  i s  the d i r e ct r ead i n g f r om the d ia l  ga g e  ob ta in e d  d u r i n g 
t e s t in g . S e e  Tab l e  1,  App end i x  B .  Tab l e  6, App e nd i x  B s hows 
s t r e s s  du e t o  f l exur e o b ta in e d  f r om the ab ove e qua t i on .  
The da ta imp l i e s  t hat a t  a d i s tanc e  o f  ab ou t thr e e  f e e t  
fr om the  l o ca t i on o f  t h e  ba s in b eam, the  l oad cr ea t e s  an 
in f l e c t ion p o int . That i s, the  va l u e s  o f  s t r e s s  g en e ra l l y 
tend  t o  chan g e  s i gn s  a t  th i s  d i s tanc e . Th i s  t r end s e em s  t o  
s ign i fy that wh en t h e  wh e e l  l oad i s  wi th in app r o x ima t e l y  
thr e e  fee t  o f  a j o i n t, t he t op f i b er s  o f  th� s lab a r e i n  t en -
s i on wh i l e  t h e  b o t t om f i b e r s  ar e in c ompr e s s i o n . Th i s  p o i n t  
l ead s t h e  au thor t o  b e l i ev e  tha t  t h e  on ly  t ime t ha t  t en s i o n  
i n  t h e  b o t t om o f  t h e  t ra n s v e r s e l y  lai d s lab i s  p r e s en t  i s  
wh en t he whe e l  l oad i s  a t  the mid - p o int o f  the s i x f o o t  
l engt h . Us i n g  the same r ea s on in g , the l ong i tu d ina l s lab s 
shou l d  b e  in t en s i o n  on t h e  bo t t om f i b er s  wh en t h e  l oa d  i s  
wi th in t h e  m i d d l e 1 8  fe e t  o f  the s lab . S e e  F i gur e s  2 0  and 
2 1  f o r  typ i ca l  graph s  o f  s t r e s s  va lue s .  
Tab l e  6, App en d i x B s hows that s t r e s s  due t o  b e n d in g 
al on e ha s a tr end t o  b e  s omewha t h i gher a t  the j o in t s . T h e  
s t r e s s e s ar e a l s o  g enera l l y h i gh e r  wh er e t h e  pane l s  ar e la i d  
in a t ran s v e r s e d i r e c t i on a s  compar ed t o  tho s e  la i d  l ong i t u -
d ina l l y t o  the r oadway . 
Me lv i l l e ( l 6 ) ,  in 1 9 5 8 ,  pub l i s h ed a r ev i ew o f  Fr e n c h  an d 
Br i t i sh p r o c e dur e s  in  the  d e s i gn o f  p r e s tr e s s ed pavem e n t s . 
Pe l t i er wa s one  d e s i gn e r  who s e  me thod s we r e  r ev i ewed b y  
Me lv i l l e . P e l ti e r ' s  .ana l ys i s  invo lved adap tin g e qua
t i on s  
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u s e d  t o  d e s i gn c onv en t i o na l  r i g i d  pav em ent s t o  e qua t i on s  f o r  
t he d e s i gn o f  pr e s t r e s s e d pavemen t s . Two o f  th e s e  adap ta -
t i o n s  we r e  from We s t er gaar d ' s  me t h o d  and Burm i s t e r ' s  th e o ry 
f or the  d e s i gn o f  r i g i d  pavem en t s . 
A c c o r d in g t o  P e l t i e r , t h e  max imum b end ing  momen t i s  
g iv en by We s t e r gaar d  a s: 
w i th 
M = - P (l - µ ) ( l o g y - 0 . 6 . 6 1 8 - 0 . 0 9 8y 2 ) 
4 7f  
y = r 
and Burm i s t e r  a s : 
w i th 
M = -
P (l-µ ) (l o g  z - . 6 1 8  - o . 1 s 1 z 2 ) 
4 1T 
r z = h 
E '  1 - µ 2 
E 1 - µ ' 2 
wh e r e : 
p = T h e  l oad on a c i rcul ar foo tpr in t o f  rad iu s  r 
h = S l ab th i c kn e s s  
µ = Po i s s o n ' s  ra t i o o f  the  con c r e t e  
µ ' = P o i s s on ' s  ra t io o f  t he sub gra de 
E = Mo du l u s  o f  e las t i c i ty of the con c r e t e 
E '  = Modu l u s  o f  e las t i c i ty o f  the sub grad e  
K = M o du l u s  o f  sub g rade  r ea c t ion 
1. t c an be s e en that t h e  l ea s t val
u e  f o r  
F r om F i gur e 1 9, 
the d r eac t l· o n i s  appr ox imat e ly
 3 0 0  p c i . modu l u s  o f  s ub gra e 
Application of this value and the constants from this test 
se ction in Westergaard ' s  equation yie lds a maximum mom ent 
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of 9 2 5 inch- pounds. Dividing by the appropriate section 
modulus, the maximum stress is 2 7 5  psi. This stress agre es 
quite closely with some of the test valu es as presented in 
Table _ 6 ,  Appendix B. 
When cal culations are made u s ing Burmister ' s  th e ory, 
the maximum stress is 3 7 5  psi. Again, some of the test 
values approach this stress. 
• 
When consideration is given to the many variab l es con­
tain ed in the test section (variations of K values, whe th er 
or not there is continuous slab support at all locations, 
etc. ) ,  maximum stress val ues computed from test data se em 
to range closely to that of Peltier ' s  adaptation of Wester-
gaard ' s  and Burmister ' s  theory . 
C ombin ed Temperature and F l exure Stress 
Table S ,  in Appendix B shows that the maximum warping 
stress occurs when the modu l us of subgrade reaction is at 
a minimum. That is, when K = 3 0 0  p ci, the warping stress 
equals 1 4 5 psi (tension on the bottom fibers) . · Using Friberg 
( 1 5 ) theo ry as mentioned previously, this stress e xists only 
in t he central 1 4 fe et of the longitudinal ly laid pane ls. 
From Table 6 , App endix B, the maximum stress due to be nding 
within the c entral 1 4  fe et appears to be approximate l y  2 1 0  
psi (tension on the bottom fibers) . 
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Comb in i n g  the warp i n g s t r e s s  and f l exura l s t r e s s r e s u l t s  
in a to t a l  o f  3 5 5 p s i ( t en s i o n  o f  the  b o t tom f ib e r s ) . T h i s  
v a l u e  i s  we l l  b e l ow t h e  s t r e s s o f  4 0 5  p s i compr e s s i on i n du c e d  
by p r e s t r e s s in g  t h e  p an e l s . 
Due t o  l o a d in g  c on d i t i on s  on ly , the s e c t i o n  o f  t h e  
p an e l s a t  th e j o in t s  i s  the  mo s t  cr i t i c a l . Th e w arp i n i 
s t r e s s e s  ar e th e o r e t i c a l ly  no t add i t iv e  t o  the l o ad s t r e s s e s  
a t  o r  n e a r  t h e  j o i n t s . V a l u e s encoun t e r e d  i n  t h e  c en t ra l  
port ion o f  the  l on g i tu d i n a l  p an e l s  whe r e  the warp i n g  s t r e s s 
and f l exura l s t r e s s a r e  a dd i t ive are  a lmo s t  a s  h i gh a s  t h e  
s t r e s s e s  a t  o r  n e a r  t h e  j o int s . 
I n  v i ew o f  th i s  ana l y s i s , i t  i s  the au th o r ' s  o p i n i on 
th a t  due t o  a s i n g l e ax l e  l o ad o f  1 5 , 0 0 0  poun ds , t h e  p an e l s 
ar e very s e l dom s ub j e c t e d  t o  a t ens i l e  s t r e s s th a t  i s  n o t  
c oun t e rba l an c e d  by t h e  s t r e s s  induc e d  b y  p r e s t r e s s i n g  ( 4 0 5  
p s i compr e s s i on ) . I f  s om e  cra c k i n g  du e t o  s l i gh t  o v e r -
s t r e s s in g we r e  t o  o ccur o c c a s i on a l l y , the  p r e s t r e s s in g  f or c e  
shou l d  c l o s e th e s e  c r a c k s  and prov i d e  a l o ad c arry in g  c a p a c -
i ty con s i s t en t  w i th t h e  r e s t  o f  the p avement . Fur th e rm o r e ,  
us in g  a m in imum va l u e  o f  1 0 0  p s i a s  the  t ens i l e  s t r en t h  o f  
th e  c on cr e t e - i t f o l l ows th a t  s t r e s s e s  l a r ge en ou gh t o  c au s e  ' 
cr ac k in g  wou l d  hav e  t o  e x ce e d  we l l  over 5 0 0  p s i ( t e n s i on ) . 
The r e fo r e , i t  s e ems l o g i ca l t o  a s s ume tha t t h e  s tr e s s e s  
re su l t in g f r om a 1 5 , 0 0 0  p ound s i n g l e ax l e  l o ad an d / o r  warp ­
in g s t r e s s e s  ar e  we l l  w i th in t h e  cap ab i l i t i e s o f  t h e  p av e -
men t s t ru c t u r e  a s  d e s i gn e d .  
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De f l e c t i o n  Analys i s  
Ana l y s i s  o f  da ta c o n ta i n e d  in Tab l e  2 ,  App e n d i x  B 
reveal s tha t  o u t e r  wh e e l d e f l e c t ions  are the mo s t  c r i t i ca l . 
Th i s  i s  t o  b e  exp e c t e d  and the r e fo r e  fur th e r  ana l y s i s  w i l l  
· b e  c on f in e d  t o  d e f l e c t i o n s  o b ta i n e d  from the B e nk e l man B eam 
p lac e d  w i t h in the dua l s  o f  the o u t e r  whe e l . 
F r om the da ta as  p r e s en t e d in Tab l e  3 ,  App en d i x  B ,  i t  
i s  p o s s i b l e  t o  draw graph s dep i c t in g  t he d e f l e c t i on c ha rac ­
t e r i s t i c s o f  th i s  typ e  o f  pavemen t  s t ruc ture . S e e  F i gu r e s  
2 2 , 2 3, an d 2 4 .  F i gu r e  2 2  a n d  2 3  s how that the r e  i s  go o d  
cont inu i ty ac r o s s t he j o in t s b e tween pane l s  i n  b o th t h e  
tran sv e r s e  an d l on g i tud ina l  s e c t i ons . Al l thr e e  f i gur e s  
show a r e s i d ua l  de f l e c t i on that i s  typ i cal  for  a lmo s t  a l l o f  
the data taken w i th th e B e n k l eman B eams . · Th i s  hap p e n e d  b e -
cau s e  eno u gh t ime was n o t al l owed dur ing  t e s t in g  f o r  t h e  
paveme n t  t o  fu l l y r e c ov e r · fr o m  i t s  max imum d e f l e c t i o n . 
Al tho u gh the c on t inu i t y  acro s s  j o in t s  s e ems  t o  b e  g o o d, 
b o th F i gu r e  2 2  an d 2 3  s h ow that t h e r e  i s  a d i ff e r en c e o f  
0 . 0 0 2  inch de f l e c t ion whe n  the whe e l  l oad i s  d i r e c t l y o v e r  
the p o i n t  a t  wh i ch the p ro b e  i s  l o cat e d  fo r t h e  t wo t e s t 
run s . Th i s  d i s cr ep ency w i l l  be  ana l y z e d  lat e r  und e r  the 
head in g of Shear Tran s f e r  B e twe en Pane l s . 
Ano th e r f ea tur e o f  the th r e e  graph s i s  t h a t a t  
approx im a t e l y  f ive fe e t  f r o m  t h e  po in t i n  qu e s t i on ,  t h e  
de fl e c t i on b e g in s  t o  tap e r  o f f . At  a d i s tan ce o f  e i gh t  
fe e t , the d e f l e c t i on s  ar e  usu a l ly cons tan t . The ran g e
 fr om 
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5 t o  8 f e e t  s e ems t o  b e  t h e  rad ius o f  i n f l u e n c e  du e t o  t h e  
1 5 , 0 0 0  p oun d whe e l  l o a d . T h i s i s  s omewha t l ar g e r  t han t h e  
z o n e  o f  i n f l u e nc e e s t ab l i s h e d  w i th the d a t a  o b t a in e d  f r om 
s o  
the B a s i n B e am .  One exp l ana t ion for  th i s  cou l d  b e  t h a t the 
B as i n  B e am is  an i n d i c a t o r  of  wh at h appens to  a s e c t i o n  o f  
p avement 4 0  i n ch e s  l on g , wh i l e  the B enke l man B e am o n l y  p r o ­
v i d e s  i n fo rma t i on ab o u t  o n e  p o int  on the p avemen t . 
I n  1 9 6 4 , Chr i s t e n s e n ( 1 7 )  r ep o r t e d  o n  the p e r fo rm an c e  
o f  p o s t - t en s i on e d  p avement s l ab s  hav in g d imens i on s  o f  3 0  
fee t l on g , 1 2  f e e t  w i d e , and 5 inche s th i ck . A l tho u gh l o a d ­
i n g  cond i t i on s  v ar i e d , when the s l ab wa s l o ad e d  a lmo s t  i d en -
t i c a l  t o  t h a t  o f  cond i t i on s  p r e s e n t e d in th i s  r e p o r t , t h e  
max imum d e f l e c t i on wa s 0 . 0 2 5  inch . Max imum d e f l e c t i o n s  
en c oun t e r e d dur i ng  t e s t in g  o f  t h e  By - P a s s  Pr o j e c t w e r e  ap ­
prox ima t e l y  0 . 0 2 5  inch . Th i s  g iv e s  an ind i c a t i on th a t  t e s t  
v a lu e s  a r e  va l i d an d th a t  th i s  pavement  s t ruc tu r e  h a s  
s t r e n g t h  cap ab i l i t i e s  a s  g o o d  a s  o th e r  p avement s t e s t e d  i n  
the p a s t .  
I n  1 9 6 5 , the  T ex a s  H i ghway Depar tment ( l 8 ) p ub l i s h e d a 
repo r t  con c e rn i n g  the d e f l e c t i on o f  var ious t e s t  pavemen t s  
con s t ru c t e d  through o u t  t h e i r  s t a t e . Th e cont inu ou s l y  r e in ­
for c e d  c on c r e t e  p avemen t s t ru c tur e s we re con s t ru c t e d  8 i n che s 
th i ck and c on t a i n e d  0 . 5 % s t e e l  r e in forc emen t . A t  two o f  t h e  
t e s t s i t e s ,  d e f l e c t i o n s  app r o ach ed 0 . 0 3 in ch u s i n g  a r e ar 
ax l e  l o ad o f  1 8 , 0 0 0  po un d s . S in c e  the re l at ions h ip b e twe en 
l o ad an d  d e f l e c t i on i s  v e ry n e ar l y  l i n e ar , thi s i n d i c
a t e s  
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that the pavemen t struc ture analyzed in this report has sim­
ilar deflection characteristics under load as the thicker 
continuously reinforced concrete pavements in Texas . 
I n  1 9 6 9, the Sou th Dako ta Department of Highways(l9) 
published a final report about the design of flexible pave ­
ments in South Dakota . Based on deflections ob tained using 
Benkelman Beams·, it would require a flexible pavement 30 
inches thick to compete with the prestressed pavemen t dis-
cu s sed in this report . 
\ 
\ 
She ar Transfer Be tween Panels 
As mentioned previously, it is thought that expansion 
and contraction of the individual panels of the pavement 
has an e f fect on the shear transfer capabilities from panel 
to panel. Figure 2 5  shows a cross section of a· typical 
shear key . No tice that the edge of panel number one in this 
figure is coated with a bond breaker. When there is con t act 
between the shear key and panel one, load transfer occurs 
along the slope be tween the panel and the shear key. How ­
ev e r ,  when the panels contrac t, the joint along the b ond 
breaker can open . When this happens, a load moving onto 
panel one would deflect the panel un til the slopes of· the 
panel and the grout key made contact . Therefore, it seems 
as though the amoun t of deflection that occurs before con
tact 
is made , is directly proportional to the magnitude
 of the 
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AS PHALT W EARh G S URFAC E 
PRESTRE SSED PANEL 
NUMBER I 
B OND BREAKE 
P ESTRESSED PANEL 
NUMBER 2 
( Bond xists eh een pane l 2 
and t he shear key) 
F i g u r e  2 5 .  C r o s s S e c t i on o f  S h e a r Co nn e c t o r , 
G r o u t K e y  i n  P l a c e . 
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j o i n t  open i n g  and t h e  s l o p e  b e twe en the  p an e l an d t h e  g r o u t  
s h e ar key . 
T ab l e  4 l i s t s  typ i c a l  con t rac t i on an d e xp an s i on da t a . 
Th e max imum j o i n t  o p e n i n g  l i s t e d  i s  0 . 1 7 3 inch . F r om F i gu r e 
2 5 , the s l op e  i n  que s t i on i s  1 : 4 . 5 .  Th e r e fo r e� w i th a j o in t  
open i n g  o f  0 . 1 7 3 i n c h e s , p an e l  one  c o u l d  de f l e c t  0 . 7 7 8  i n ch 
b e f o r e  c on t a c t  w i th t h e  s h e ar key i s  ma d e . S in c e  the v a l u e  
o f  t h e  j o in t  op en in g o f  0 . 1 7 3 inch i s  no t typ i ca l o f  t h e  
da t a  o f  T ab l e  4 ,  t h e  re s u l t in g  d e f l e c t i on b e f o r e  c o n t ac t i s  
qu i t e  h i gh .  F ro m  T ab l e  4 ,  an ave r a g e  j o in t  o p e n in g o f  0 . 0 3 
inch s e ems r e a s on a b l e .  U s in g  th i s  va l u e , p an e l o n e  c ou l d  
d e f l e ct 0 . 1 3 5 inch b e fo r e  c on t a c t in g  the s h e a r  k e y . 
T h e  p r e c e d in g an a l y s i s  g i v e s  s o me e xpl ana t i on o f  t h e  
d i s c re p enc i e s  e n c o un t e r e d  when B enke lman B e am t e s t s  a r e  
condu c t e d  j u s t  b e f o r e  an d j u s t  a f t e r  a j o in t , as  n o t i c e d  i n  
F i gur e s  2 2  an d 2 3 .  Th e o r e t i ca l l y ,  the po s s i b i l i ty o f  t h e  
p an e l s  b e in g  ab l e  t o  d e f l e c t  when the  j o in t s  o p e n  s e em s  c o r ­
re c t .  Howeve r , the c on d i t i o n  do e s  no t s e em t o  b e  c r i t i c a l  
t o  t h e  p avemen t  s t ruc tu r e , wh i ch imp l i e s  th a t  the m a gn i t u d e  
o f t he d e f l e c t i o n s  i s  no t a s  l ar ge a s  mi ght b e  s u g g e s t e d b y  
the abo ve an a l y s i s . Du r i n g  t e s t in g , n o  no t i c e ab l e  d e c r e a s e 
i n the  s t ru c t ur a l  an d r i d i n g  qua l i t i e s  o f  th e p av emen t we r e  
enc oun t e r e d . A p o s s i b l e  r e a s on why th e e f fe c t  o f  j o in t 
open in g  up on s h e a r  t r an s f e r  was no t n o t i ce ab l e  cou l d  b e  du e 
t o t he c on d i t i on o f  t h e  s ub gra d e  a t  t emp e ra tur e s  l o
w e n ou gh 
t o pro duc e l a r g e  c on t r a c t i on s  wi th in the ind iv i
dua l p an e l s .  
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T he data for Fi gures 2 2  and 2 3  was obtained when . joint open- . 
ings should have been at a min imum due to contract ion . This 
explains why there is only a small difference of deflection 
across the joints. However, when the temperature is low 
enou gh to cause large joint openings, the subgrade should 
be frozen or nearly fro zen which would tend to reduce total 
deflections throughout the pavement structure . Furthermore, 
visual inspection of the reflection cracks in the asphaltic 
concrete above the shear keys does not indicate any spalling 
ef fect that might accompany large deflection var iations 
across the joints. 
SS 
CON CLUS I ON S  AN D  AREA O F  FUTURE STUDY 
Conclusions 
The fol l owing concl usions have been reached as a resu l t  
of this research : 
1 .  The pavement structure , as 
_
designed, seems entirel y  
adequate for traffic conditions encountered in 
South Dakota . 
2 .  Temperature differential per inch of slab thickness 
is as high as that encountered -in conventional 
rigid pavements with much greater thickness . 
3 .  Maximum stresses obtained with the use of the Basin 
Beam coincide reasonabl y  wel l  with stress data 
indicated by other researchers . 
4 . Stresses due to whee l l oads and/or warping are 
unlike l y  to cause tension cracks in the prestressed 
panels . 
S .  Deflection characteristics indicate that the pave-
ment structure in this study is of �he same qua l ity 
as other prestressed pavements constructed in the. 
past . 
6 .  Based on deflections, it wou ld require an eight 
inch reinforced concrete pavement to rep l ace the 
prest�essed pavement studied in this project .  A l so, 
considering deflection characte ristics, it wou ld 
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r e qu i r e  a 3 0  i n ch f l e x ib l e  p avemen t t o  compe t e  w i t h 
th i s  p avement s t ru c tu r e . 
7 .  C on t r a c t i on o f  the i n d iv i du a l  p r e s t r e s s e d p an e l s  
c an h ave an adve r s e  e f fe ct  on s h e ar t r an s f e r  f r om 
p an e l t o  p an e l . Th e o r e t i ca l ly ,  th i s  e ff e c t  i s  
qu i t e  l ar g e . Vi s u a l dama g e  t o  th e p avement s t ru c ­
ture i s  n o t  no t i c e ab l e  and exp e r imen t a l  d� t a  i nd i ­
c a t e  n o  p e rman e n t  d ama ge t o  the p aveme n t  s t ru c t ur e . 
8 .  B a s e d  on t h i s  s t udy , n e i th e r  p ane l arran g em e n t  
s e e m s  t o  have a de c i s ive advan t a ge  o v e r  t h e  o t he r . 
Howeve r ,  con s t ru c t i on may b e  ma d e  e a s i e r  by u s i n g  
the t r an s v e r s e p ane l arrang emen t and wo u l d  a l s o  
e l im i n a t e  the f i e l d  we l ds p r ov i d e d  in the l on g i t u ­
d i n a l  s e c t i on . 
Are a o f  Fu tur e S tu dy 
1 .  P o s s ib l y s om e t ime in th e fu ture , t e s t jn g o f  t h e  
s ame n a tur e a s  p e r formed  i n  t h e  p a s t , cou l d  b e  
ex t en d e d  t o  o b t a i n d a t a  con ce rn i n g  th e e xp e c t e d  
l i f e  o f  th i s  type o f  p aveme nt s t ructur e . 
1 .  
2 .  
3 .  
4 .  
s .  
6 .  
7 . 
8 .  
9 .  
1 0 . 
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Ai r f i e l d s . "  AC I J ourn a l , Vo l .  2 8 ,  No . 1 ,  p p . 5 9 -
8 4 , Ju l y  1 9 5 6  ( P r o c e e d ings , Vo l �  5 3 )  pp . 5 9 - 8 4 , 
1 9 5 7 .  
Mo r ee l l , B . , Mu rray , J . J . , an d He in z e r l i n g , J .  E .  
" E xp e r imen t a l  P r e s t r e s s e d Con cre te  H i ghway P r o j e c t  
in P i t t s b u r gh . "  Pro c e e d in g s , ·  H i ghway · Re s e ar ch 
B o a r d , Vo l .  3 7 , pp . 1 5 0 - 1 9 3  ( in c l u d i n g  d i s cu s s i o n ) , 
1 9 5 8 .  
Van d e p i t t e , D .  " P r e s t r e s s e d  Con c r e t e  P av emen t s - - A 
Rev i ew o f  E u r op e an Pr a c t i c e . "  Journ a l  o f  the  
P r e s t re s s e d  Co n c r e t e  I n s t i tu t e , Vo l . 6 ,  No  1 ,  
pp .  6 0 - 7 4 , Mar ch 1 9 6 1 . 
· G o r s uch , R . R . , " P r e l im in ary I nv e s t i ga t i o n  o f  P r e c as t 
P r e s t r e s s e d  C on c r e t e  P avemen t , "  M . S .  The s i s , S o u t h  
Dako t a  S t a t e  Co l l e g e  o f  Agr i cu l ture a n d  Me ch an i c  
Ar t s ,  ( 1 9 6 2 ) . 
Kru s e ,  c . G . , "A L ab o ra t o ry An a l y s i s  o f  a Comp o s i t e  
P avemen t C on s i s t i n g  o f  P r e s t r e s s e d  � nd  P o s t - . 
t en s i on e d Con c re t e  Pane l s  Cov e r e d  w i t h Asph a l t i c 
Con cr e t e , "  M . S .  Th e s i s , Sou th D ako t a  S t a t e  
Un ive r s i ty ,  ( 1 9 6 6 ) . 
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1 1 . J a coby , G . A . , " A  S tu dy o f  Exp an s i on an d C on t ra c t i o n  i n  
P av emen t C o n s i s t in g  o f  P r e s t r e s s ed C o nc r e t e  P a n e l s  
I n te r conn e c t e d  in  P l a ce , "  M . S .  The s i s , S o u th 
Dako t a  S t a t e  Un i v e r s i ty ,  ( 1 9 6 7 ) . 
1 2 . Ph i l l ip s , R . A . , " S e a s on a l  The rma l Exp ans i on an d 
C on t r a c t i on Ch ara c t e r i s t i c s  o f  a Pr e c a s t  P r e s t r e s s e d  
Con cre t e  C omp o s i t e P aveme n t  on U . S .  H i ghway 1 4  -
Byp as s , "  M . S .  Th e s i s , South D ako t a  S t a t e  
Un iv e r s i ty ,  ( 1 9 6 9 ) . 
1 3 .  " De v e l opmen t o f  E q u ipmen t an d T e chn i qu e s  fo r a 
S t a t ewi de  Ri g i d  P av ement De f l e c t ion S tudy , "  
Re p o r t  Numb e r  4 6 - 1 , H i ghway De s i gn D iv i s i on , 
T e x a s  H i ghway D e p artmen t , ( 1 9 6 5 ) . 
1 4 . Y o d e r , E . J . , P r in c ip l e s  o f  Pav eme n t  De s i gn ,  J o hn W i l ey 
& S o n s , I nc . , N ew Y o rk , ( 1 9 6 7 ) . 
1 5 . F r ib e r g , B . F . , " P av em en t Re s e a rch , D e s i gn an d 
P re s t r e s s e d  C on c r e t e . "  Pro ce e d in g s , H i ghway 
Re s e a r ch Bo a r d , Vo l .  3 4 , pp . 6 5 - 8 4 ,  1 9 5 5 .  
1 6 . Me l v i l l e , P .  L . " Re v i e w  o f  Fren ch and B r i t i s h P r o c e du r e s  
i n  the D e s i gn o f  P r e s t r e s s e d  P av eme n t s . "  Bu l l e t in 
No . 1 7 9 ,  H i ghway Re s e arch B o ard , p p . 1 - 1 2 , May 1 9 5 8 . 
1 7 . Chr i s t e n s en , A . P . , " L o ad Te s t s on P o s t - T ens i on e d  
P av emen t S l ab s , "  H i ghway Re s e ar ch Re c o r d  N o . 6 0 , 
N a t i on a l  A c a d emy o f  S c i enc e s , Was h in gt on ,  D . C . , 
1 9 6 4 . 
1 8 .  " Deve l opmen t o f  Equ i pme n t  and T e chn iqu e s  f o r  a 
S t a t ew i d e Ri g i d  P av emen t De fl e c t i on S tudy , " Rep o r t  
Numb e r  4 6 - 4 , H i ghway D e s i gn D iv i s i o n , T e x a s  
H i ghway Dep a r t m en t , ( 1 9 6 5 ) . 
1 9 . "The S o u th Dako t a  F l e x i b l e  P av ement Re s e arch P r o j e c t , " 
Phys i c a l  Re s e arch S e c t i on ,  S outh Dako t a  D e p ar tmen t 
o f  H i ghway s , ( 1 9 6 9 ) . 
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APPEND I X  A 
DE R I VAT I ON O F  THE FORMULA 
FOR 
RAD I US OF CURVATURE 
Wi th thr e e  p o i n t s  g iven on a c i r c l e  a ra d iu s  c an b e  
c a l cul a t e d  u s i n g t h e  fo l l ow i n g  equ a t i o n s : 
a .  x 2  + y 2  + Dx + E y + F = 0 
b .  R = 1 / 2 ,Yn 2 + E z - 4 F  ( in inche s )  
By s ub s t i tu t in g  the  p o i n t s  i n  fo r x an d y in  e qu a t i o n  
( a )  , thre e e qua t io n s  m ay b e  fo rmed . 
P o i n t  1 - (x l Y1 )  
Po in t 2 - (X z Y z ) 
Po i n t  3 - (x 3 Y 3 ) 
( 1 ) x 2 1 + Y 1 2 + Dx 1 + Ey l + F = 0 
( 2 ) x 2 2 
+ 
Y z 2 
+ Dx 2 + E y 2 
+ F = 0 
( 3 ) x 3 2  = Y 3 2 + Dx 3 + E y 3 + F = 0 
S o l v i n g  the s e  e qua t i on s  s i mu l t an e ou s l y  the fo l l ow i n g  may b e  
o b t a in e d : 
6 0  
E = 
(x z 2 - x 1 2 ) Z - ( x 3 2 - x 1 2 ) 
+ CY 2 2 - Y1 2 ) Z - CY 3
2 - Y 1 2 )  
D - -
(y  3 - y 1 ) - z ( y  2 - y 1 ) 
(x z - x 1 ) 
ex  2 2 ). (j· 2 _ y 2 ) + (y3 - y·1 ) E 3 -:-. X l - + 3 1 -
(X3 - X 1 )  
F = - ( x l
2 + Y 1 2 + Dx l + Ey l )  
6 1  
D and F a r e  d e l e t e d  s i n c e  i n  th i s  app l i c a t i on th e q u an t i t i e s  
wh i ch they r e p r e s e n t  ar e m inu t e  when  comp a r e d  t o  E .  ( 1 3 ) 
Sub s t i tu t i n g  in t o  e qua t i on : 
R = 1 / 2 '\ID2 + E 2 - 4 F 
the f o l l ow i n g  i s  o b t a i n e d  
R = 1 / 2 � o r  
{Y) 
;'- .... 
I JI' ' " \ 
\ I 
, .._  _ __ / - - - - - - -
( i n i n ch e s )  
R = 1 / 2 E ( in i n ch e s )  
- - - - - � � - � - � � - - - - - � - - - -
(L/2 , �) 
SYSTEM FO R CAL CULAT I ON OF  RAD I US O F  CURVATURE W I TH COO RDI NATE 
DATA OBTA I NE D  F ROM THE BAS I N  BEAM 
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AP PEND I X  B 
TAB LE 1 
BAS IN BEAM D IAL READ I N G S  
(MEASUREMENT S  - I N CHE S x 1 0 - 3 ) 
D i s t an c e  f r o m  
Whe e� f e e t  0 1 2 3 4 5 6 7 8 9 1 0  1 1  1 2 
S t a t i o n  
1 3 6 + 9 2  6 6  4 3  1 9  4 0 0 0 - 2 - 1  0 0 0 0 
1 3 6 + 9 3  5 7  4 8 2 7  9 6 6 0 .... 1 - 1  0 0 0 0 
1 3 6 + 9 4  5 2  2 1  8 0 - 2  - 2  -- 1  0 0 a 0 0 0 
1 3 6 + 9 5  4 4  2 7  5 - 5 - 6 - 5 + 2  0 0 0 0 0 0 
1 3 8 + 5 4 5 4  3 3  1 4  - 2 - 4 - 6 - 8 - 8 .  - 6  - 5 - 3 - 2  - 1  
1 3 8 + 5 5  6 1  3 0  1 5  6 0 0 0 0 0 0 0 0 0 
1 3 8 + 5 6  4 9  3 6  1 1  0 - 3  - 3 - 1 - 1 0 0 0 0 0 
1 3 8 + 5 7  3 6  2 2  3 - 5 - 6 - 1 0  - 4 - 4 - 2 - 1 0 0 0 
1 3 9 + 4 4  5 1  2 7  1 2  0 - 1 0  - 1 0  - 1 0  - 8  - 5 - 1 - 1 0 0 
1 3 9 + 4 5  4 9  3 0  1 0  0 - 1  0 - 4 + l  0 + 2  + l  0 0 
1 3 9 + 4 8 3 5  1 7  4 - 2 - 2  - 3  - 3 - 2 - 2 - 1 0 - 4 0 
1 3 9 + 5 2  3 5  2 9  1 0  - 2 - 5  - 7 - 6  - 5 - 3 - 3 - 4 0 0 
1 3 9 + 5 6  4 1  2 9 1 0  0 - 6 - 6 - 6 - 1 - 2 - 1  0 0 0 
1 4 1 + 3 6  4 3  3 0  1 0  3 - 1  - 7 - 7 - 7 - 3 - 1 - 1 0 0 
1 4 1 + 3 7  3 9  2 7  9 8 - 2 - 5 - 4 - 2 0 0 0 0 0 
1 4 1 + 4 0  3 1  2 0  1 0 - 2 0 0 0 0 0 0 0 0 
1 4 1 + 4 4  3 8  3 0  1 4  2 - 1 - 4  - 2 - 1  0 0 0 0 0 
1 4 1 + 4 8 4 0  3 0  1 9  0 - 2 - 7 - 6 - 4 - 3 - 2 .. 1 0 0 
°' 
(.N 
TAB LE 2 
BENKE LMAN BEAM DE F L E CT I ON MEASUREMENTS 
S t a t ion  
Numb e r  
1 3 5 + 0 0  
1 3 6 + 0 0  
1 3  7 +  0 0  
1 3 8 + 0 0  
1 3 9 + 0 0  
1 4 0 + 0 0 
1 4 1 + 0 0 
1 4 2 + 0 0  
1 4  3 +  0 0  
1 4 4 + 0 0  
(MEASUREMEN T S  - I N CHE S x 1 0 - 3 ) 
Me a s u r e ­
men t *  
r w  
ow 
I W  
ow 
IW  
O W  
IW  
ow 
I W  
OW 
I W  
OW 
I W  
OW 
I W  
o w  
I W  
ow 
I W  
ow 
Ap r . 
1 9 6 9  
O c t . 
1 9 6 9 
Max imum Re s i dua l Max imum Re s i dua l 
De f l . D e f . De f l . De f l . 
7 .  5 2 .  5 6 . 2 
8 2 7 3 
7 . 5 0 7 3 
1 5  3 1 0  0 
1 0  0 6 2 .  5 
1 4  0 1 3  4 
1 0  1 1 0  5 
1 7  1 1 4  1 
1 0  1 5 .  - 2  
1 2  3 9 - 2  
9 . 5 · l 5 0 
9 0 6 - 2  
1 9  5 1 1 . 5 4 
1 3 3 9 2 
8 1 4 1 
9 0 9 3 
1 1  2 5 . 5 - 2  
9 . 5 2 7 - 2  
7 3 5 1 .  5 
3 6 3 9 
* I nne r Wh e e l o r  O u t e r  Wh e e l  
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TABL E  3 
BENKE LMAN BEAM DE F LE CT I ON MEASUREMENTS 
(MEASUREMENT S - I N CHE S x 1 0 - 3 ) 
Di s t an c e  fr om 
Wh e e �  f e e t  0 1 2 3 4 5 6 7 8 9 1 0  1 1  1 2  
S t a t i o n  
1 3 5 + 3 0 - 2 "  2 0  1 8  1 4  8 6 4 2 2 2 2 
1 3 5 + 3 0 + 2 "  1 5  1 0  1 2  1 0  8 4 2 0 0 0 0 
1 3 5 + 3 1  1 0  1 2  1 0  6 6 4 2 0 0 0 
1 3  5 +  3 2 1 4  1 6  1 2  9 6 4 2 2 2 
1 3 5 + 3 3  1 4  1 5  1 2  1 0  8 6 5 4 2 2 2 2 
1 3 6 + 9 2 - 2 " 2 0  2 2  1 8  1 6  1 4  1 0  8 6 6 6 6 
1 3 6 + 9 2 + 2 "  1 8  2 2  2 0  1 6  1 4  1 0  6 - 4 4 4 4 
1 3 6 + 9 3  1 8  2 0  2 0  1 6  1 4  1 0  6 6 6 s 4 4 4 
1 3 6 + 9 4  1 2  1 4  1 4  1 2  8 6 4 3 3 3 3 
1 3 6 + 9 5 1 4  1 4  1 4  . 1 0  6 4 2 0 0 0 .o 
1 3 9 + 4 4 - 2 " 1 6  2 0  1 8  1 4  1 2  1 0  8 7 6 6 6 6 
1 3 9 + 4 4 + 2 "  1 4  2 0  2 0  1 6  1 4  1 2  9 8 7 6 6 6 
1 3 9 + 4 8  8 1 0  1 0  8 6 4 2 0 0 0 0 
1 3 9 + 5 2  1 2  1 2  1 1  9 6 4 3 2 0 0 0 - 1 - 1 
1 3 9 + 5 6 1 2  1 4  1 6  1 5  3 1 0  8 7 6 4 3 3 2 
1 4 1 + 3 6 - 2 "  1 6  1 8  1 4  1 0  6 6 5 4 4 3 2 2 2 
1 4 1 + 3 6 + 2 " 1 2  1 8  1 8  1 8  1 2  1 0  8 6 6 6 6 6 
1 4 1 + 4 0  1 8  8 8 7 4 2 1 0 0 0 - 1  - 1  - 1  
1 4 1 + 4 4  1 0  1 1  1 0  8 6 4 2 0 0 0 0 
1 4 1 + 4 8  1 0  1 1  1 1  1 1  9 7 5 2 1 1 0 0 0 °' 
tn 
TAB LE 4 
EXPAN S I ON AND CONT RACT I ON MEASUREMENTS  
(MEASUREMENT S * - I N CHE S x 1 0 - 3 ) 
S t a t i o n  Me a su r e - F e b . May Ju l y  N ov . 
Numb e r  men t * *  1 9 6 9  1 9 6 9  1 9 6 9  1 9 6 9  
T emp e ra tu r e  ( O F )  l S  S 9  7 7  3 8  
1 3 S + O O  X I A  S 8  1 4  1 0 
y z  - 9  0 6 5  3 8  
Y 3  - 4  2 1 9  3 9  
1 3 6+ 3 2 X l B  - 1 8  - 1 7  - 3 1 - 3 1 
Y 2  - 6  0 4 - 1 8  
1 3 7 + 6 4  Xl B - 2  - 3  - 4 7  1 4 S  
Y 2  - 6  2 s 4 
1 3 8 + 9 6  X I A  1 0 8  2 S  - .2 2 3 8  
Y l  - 1  - 4  - 2  s 
Y 2  - 7  0 1 3  - 1 1 7  
1 3 9+ 6 8  X l C 2 6  - 1 2  - S 3 3 4  
X l D  4 1  - 1  - 3 0 1 0  
X 2  - 6  7 - 7  - 1 0 
Y l  - 2  6 1 3  3 
1 4 1 + 8 4  X l C 1 9  - 4  - 2 7  2 8  
X l D 5 1  7 - 3  - 1 8  
X 2  - 1 0  - 3  - 4  - 1 3  
Y l  3 9 6 1 
1 4 2 + 6 8  X l C  6 5  - 1 4  - 4 9  1 8  
x z  - 4  s 4 - 4  
Y l  3 - 4  - 1 2 - 1 0  
1 4 3 + 8 8  X l C  1 2 9  1 
4 
X 2  - 4 8  9 - 4 0  - S  
Y l  8 9 2 - 6  
6 6  
F e b . 
1 9 7 0  
1 7  
- 1 2  
- 8 1 
- 6  
- 1 8  
- 1 2  
1 8  
5 
1 7 3 
- 2 2  
- 8 9 
4 0  
s o  
1 6  
- 7  
- 6  
3 7  
- 1 3 
1 4  
s o  
- 7  
- 1 7  
4 
- 1 4  
6 
6 7  
T a b l e 4 .  ( Con t inu e d )  
S t at i on Me as u r e - F eb . May Ju l y  Nov . F eb . 
Numb e r  me n t * * 1 9 6 9 1 9 6 9  1 9 6 9  1 9 6 9  1 9 7 0 
· T emp e r a tur e  ( O F )  1 5  5 9  7 7  3 8  1 7  
1 4 4 + 0 0  X I A  4 8  2 7  1 1  4 4  1 0 4 
Y l  1 3 1 0  - 6 - 7  
Y 3  - 4  ..:. 1  2 - 8  - 9 
* P o s i t i ve va l u e s  ind i c a t e  e xp an s i on b e tw e e n  the i n s p e c t i o n  
p o i n t s  wh i l e n e g a t ive va l u e s  i n d i c a t e  con t ra c t i o n  b e twe e n  
t he in sp e c t i on p o in t s . 
* * Re fe r  to  fo l l ow i n g p a g e  f o r  no t a t i on . 
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NOTAT I ON FO R E XPAN S I ON AN D CONTRACT I ON MEASUREME N T S  
Symb o l  
Xl  
X IA 
Xl B 
X l C 
X l D 
X 2  
Y l  
Y 2  
Y 3  
De f in i t i on 
A m e a sur em e n t  ma d e  p a r a l l e l  t o  the r o a d ' s  c e n t e r ­
l ine a c r o s s a t r an s v e r s e  j o in t . 
An X l  m e a s u r em e n t  a t  s t a t i ons  1 3 5 + 0 0 , 1 3 8 + 9 6 , and 
1 4 4 + 0 0  ( p an e l  s e c t ion  t e rm in a l  j o in t s ) . 
An X l  me a s u r em e n t  a t  s t at ions  1 3 6+ 3 2  and  1 3 7 + 6 4 
o f  t h e  t r an s v e r s e  p ane l s e c t i on . 
An X l  me a s u r emen t a t  s t a t i ons 1 3 9 + 6 8 , 1 4 1 + 8 4 , 
1 4 2 + 6 8 , an d 1 4 3 + 8 8  o f  the l on g i tud in a l  p an e l  
s e c t i o n . 
An X l  me a s u r emen t a t  the shou l d e r  o f  s t a t i o n s  
1 3 9 + 6 8  an d 1 4 1 + 8 4  in  the l ong i tud in a l  p an e l  s e c t i on . 
A m e a s u r emen t ma de p ar a l l e l  t o  the r o ad ' s  cen t e r ­
l i ne wi th in a p r e s t r e s s e d c on cr e t e  p an e l . 
A me a s u r emen t  made  t ran s v e r s e  t o  the r o a d ' s  c en t e r ­
l i ne a c r o s s  a l on g i tud in a l  j o in t . 
A m e a s u remen t made  t ransver s e  t o  the r o a d ' s  c en t e r ­
l in e  w i th i n a p r e s t r e s s e d  concr e t e  pan e l . 
A me a s u r emen t ma de  t ran sve r s e t o  th� r o a d ' s  c en t e r ­
l in e  w i t h in the  r e gu l ar e i ght - inch c on c r e t e p a v e ­
men t . 
S t a t i on *  
Numb e r  
1 3 9 + 0 0  
1 4 0 + 0 0  
1 4 1 + 0 0  
1 4 2 + 0 0  
1 4  3+ 0 0  
1 4 4 + 0 0  
TAB LE 5 
CAL CUL AT E D  WARP I N G  ST RE S S  VALUES 
(VALUE S ARE I N  p s i )  
K v a l u e , E d g e * *  
p c i  S t r e s s  
5 5 0  1 4 5  
5 0 0  1 4 5  
4 5 0 1 4 5  
4 0 0 1 4 5  
3 5 0  1 4 5  
3 0 0 1 4 5  
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I n t e r i o r * * *  
S t r e s s 
1 6 2  
1 6 2  
· 1 6 2  
1 6 1  
1 6 0  
1 5 9 
* S t at i o n i n g  in l on g i t u d in a l  s e c t i o n  on l y  
* * S i n c e  the  r a d i u s  o f  r e l a t ive s t i ffne s s  i s  s o  s m a l l f o r 
th i s  p aveme n t  s t ru c tu re , the e d g e  s t r e s s  app e ar s  t o  b e  
con s t an t . 
* * * I n t e r io r  s t r e s s e s  have the trend o f  g e t t i n g  l ar ge r  a s  
the  va l u e  o f  K i n c r e a s e s , wh i ch i s  j u s t  o pp o s i t e  o f  the 
c a s e of edge s t r e s s e s . Howev e r , s in c e  the go a l  i s  t o  
a d d  warp i n g  s t r e s s e s  an d s t r e s s  due to  wh e e l  l o ad s , t h e  
i nt e r i o r  s t r e s s  w i l l  no t b e  u s e d . T h e  comb i n a t i o n o f  
s t r e s s e s  a t  the  e d g e i s  g r e a t e r  t�an tho s �  o f  the  i n t e ­
r i o r  p o r t i on o f  t h e  p av emen t s t ru c tur e . 
TAB LE 6 
CAL CULATE D S T RE S S E S  FROM BAS I N  BEAM MEASUREMENTS 
D i s t an c e  from 
Wh e e  1 ,_ f e e t  
S t a t i on 
1 3 6 + 9 2  
0 
3 1 5  
1 2 
2 0 6 9 1  
1 3 6 + 9 3  2 7 2  2 2 9. 1 2 9 
1 3 6 + 9 4  2 4 9  1 0 0  
1 3 6 + 9 5  2 1 0  1 2 9 
1 3 8 + 5 4  2 5 8  1 5 8  
1 3 8 + 5 5  2 9 2  1 4 3  
1 3 8 + 5 6 2 3 4 1 7 2  
1 3 8 + 5 7  1 7 2  1 0 5  
1 3 9 + 4 4 2 4 4 1 2 9 
1 3 9 + 4 5  2 3 4 1 4 3  
1 3 9 + 4 8  1 6 7  8 1  
1 3 9 + 5 2  1 6 7  1 3 9  
1 3 9 + 5 6  1 9 6  1 3 9  
1 4 1 + 3 6  2 0 6  1 4 3  
1 4 1 + 3 7  1 8 6 1 2 9 
1 4 1 + 4 0 1 4 8  9 7  
1 4 1 + 4 4  1 8 2 1 4 3  
1 4 1 + 4 8  1 9 1  1 4 3  
*Te :r1SIOnvaTffes--a re- po-sit iv e 
3 8  
2 4  
6 7  
7 2  
5 3  
1 4  
5 7  
4 8  
1 9  
4 8  
4 8  
4 8  
4 3  
5 
6 7  
9 1  
(VALUE S ARE I N  p s i ) * 
3 4 5 6 7 8 9 1 0  
1 9  0 0 0 - 1 0  - 5 0 0 
4 3  2 9  2 9  0 - s - 5 0 0 
0 - 1 0  - 1 0  - 5 5 0 0 0 
- 2 4  - 2 9  - 2 4  - 2 4  1 0  0 0 0 . 
- 1 0  - 1 9  - 2 9  - 3 8  - 2 9  - 2 4  - 1 4  - 1 4  
2 9  0 0 . 0 0 0 0 0 
0 - 1 4  - 1 4  - 5 - 1 4  - 5 - 5 0 
- 2 4  - 2 9  - 4 8  - 1 9  - 4 8 - 1 9  - 1 9  I - 1 0  
0 - 4 8  - 4 8  - 4 8  - 3 8  - 2 4  - 5 - 5 
0 - 5  0 - 1 9  5 0 1 0  5 
- 1 0  - 1 0  - 1 4  - 1 4  - 1 4  ... 1 0  - 5 0 
- 1 0  - 2 4  - 3 3  - 2 9 - 2 4  - 1 4  .:. 1 4  - 1 9  
0 - 2 9  - 2 9 - 2 9  - 5 - 1 0  - 5 0 
1 4  - 5 - 2 4  - 3 3  - 3 3  - 1 4  - 5 0 
3 8  - 1 0  - 2 4  - 1 9  - 1 0  0 0 0 
0 - 1 0  0 0 0 0 0 0 
1 0  - s  - 1 9  - 1 0  - 5 0 0 0 
0 - 1 0  - 3 3  - 2 9  - 1 9  - 1 4  - 1 0  - 5 
1 1  1 2  
0 0 
0 0 
0 0 
0 0 
- 5 0 
0 0 
0 0 
- 5 0 
- 5 0 
0 0 
0 0 
- 1 9  - 1 9  
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
-....,J 
0 
